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Recently, the wireless energy transfer model can be described as the Schrodinger equation [Annals
of Physics, 2011, 326(3): 626-633; Annals of Physics, 2012, 327(9): 2245-2250]. Therefore, wireless
energy transfer can be designed by coherent quantum control techniques, which can achieve efficient
and robust energy transfer from transmitter to receiver device. In this paper, we propose a novel
design of long distance wireless energy transfer via multiple states triangle crossing pattern, which
obtains the longer distance, efficient and robust schematic of power transfer.
I. INTRODUCTION
The research of wireless energy transfer started at the
age of the Tesla. The principle of wireless energy transfer
can provide power transfer from one device (transmitter)
to another device (receiver) via electromagnetic field and
the major advantage of this technique is non-connected
power transfer without the wires or cables [1]. Due to
this great dominance, wireless energy transfer technique
possesses significant applications in the charging of elec-
tric vehicles [2, 3], mobile phones [4], lighting [5], im-
plantable medical devices [6, 7] and others power supply
devices [8, 9].
The normal setup of wireless energy transfer is based
on two resonant coils with the constraint of exact res-
onance frequency between the transmitter coil and re-
ceiver coil [10–13]. Thanks to the coupled mode theory
(CMT) of wireless energy transfer [13], the coupling equa-
tion of coils can be approximated to Schrodinger equa-
tion. Therefore, coherent quantum control technique can
be employed to control power transfer between the coils.
Recently, two coils coupling [19] and three coils coupling
[20] propose an adiabatic technique to enhance the trans-
fer efficiency, comparing with exact resonance method.
The adiabatic following is a famous coherent quantum
control technique, which is widely used in quantum sys-
tem and classical systems, such that the quantum state
controlling [14], quantum manybody processing [15], op-
tical waveguide coupler [16], graphene surface plasmon
polaritons (SPPs) coupler and terahertz SPPs coupler
[17, 18].
The coupling strength between two coils decreases ex-
ponentially with increasing distance, based on CMT of
the coupling between coils [13]. Therefore, the limitation
of previous researches is that the transmission distance is
relatively short due to the two or three coils coupling. In
this paper, we propose a novel design of adiabatic wire-
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less energy transfer via multi-coil system. In our design,
we set up the multiple mediator coils between transmit-
ter and receiver coil and all the mediator coils are identi-
cal. The two adjacent coils are equally spaced which pro-
vides equal coupling strength between two adjacent coils.
The scheme of our designed configuration is illustrated in
Fig. 1. In this configuration, we have two significant ad-
vancements comparing with previous researches, (i) we
enhance the power transfer distance by contrasting with
others adiabatic following based on two or three coils’
coupling due to multiple mediator coils; (ii) our design
improves the transfer efficiency comparing with exact res-
onance of multi-coil system.
In this paper, we design a novel long distance, efficient
and robust wireless energy transfer scheme via multi-
state triangle crossing pattern, which provides complete
power transfer from transmitter coil to receiver coil via
multiple mediator coils. We demonstrate that the com-
plete power transfer can be achieved independent of num-
ber of coils, without considering any loss in any coil (see
Fig. 2). Subsequently, we consider the lossy case (the
absorption and radiation in all coils and extracted rate
from receiver coil) with different number of coils and nu-
merically calculate the transfer efficiency η (as shown in
Fig. 3). Finally, we plot the transfer efficiency η against
number of coils and different lossy parameters (lossy in
the mediator coils and extracted rate), as shown in Fig.
4.
II. MODEL
Based on the CMT of coupling between coils, we can
easily express the coupled equation of muti-coil into
multi-state Schrodinger equation, written as
i
d
dt

at(t)
a2(t)
...
an−1(t)
ar(t)
 = H(t)

at(t)
a2(t)
...
an−1(t)
ar(t)
 . (1)
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FIG. 1. The schematic configuration of our designed multi-
ple coils system. The coupling strength between two adjacent
coils is k0 and the intrinsic frequencies of transmitter, media-
tors and receiver are ωt, ωm and ωr respectivelly. Γt, Γm and
Γr are the corresponding intrinsic loss rates, due to absorp-
tion and radiation of coils, while Γw is the extraction of work
from the receiver.
where an is the power amplitude on the n
th coil, with
power Pn = |an|2 and H is the Hamiltonian of the multi-
coil coupling system, which is,
H =

ωt − iΓt k0 . . .
k0 ωm − iΓm k0
. . .
. . .
. . .
k0 ωm − iΓm k0
k0 ωr − iΓr − iΓw
 ,
(2)
where ωt, ωm and ωr are the intrinsic frequencies of trans-
mitter, mediators and receiver, with ωi = 1/
√
Li(t)Ci(t).
Li(t) and Ci(t) are the inductance and the capacitance
of ith coil. Γt, Γm and Γr are the corresponding intrin-
sic loss rates, due to absorption and radiation of coils,
while Γw is the extraction of work from the receiver.
In addition, the coupling strength between (i − 1)th
and ith coil can be given by CMT, written as k0 =
M
√
(ωi−1ωi)/(Li−1Li), where M is the mutual induc-
tance of the two coils. In our design (the scheme as shown
in Fig. 1), we choose the variable inductance L and capac-
itance C to vary the intrinsic frequencies of transmitter
ωt and receiver ωr via external control and the intrinsic
frequencies of all mediator coils are constant ωm. We set
up the transmitter coil, mediator coils and receiver coil
with fixed distance. Therefore, the coupling strength be-
tween adjacent two coils is constant (time independent),
k0.
Subsequently, it is well known that the definition of
transfer efficiency η is the ratio between the extract work
from the receiver coils divided by the total energy loss off
the system [19, 20], given by
η =
Γw
∫ T |ar|2dt
Γt
∫ T |at|2 +∑Γm ∫ T |am|2 + (Γr + Γw) ∫ T |ar|2dt .
(3)
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FIG. 2. The power evolution of transmitter (blue line) and
receiver (red line) coil using coupled equation (Eq. 1) without
any loss (Γt = Γr = Γm = Γw = 0), with (a) three coils
system, (b) four coils system and (c) five coils system. The
parameters are given by δ = −7α, k0 = 3.5α and time is from
−50α−1 to 50α−1.
The previous researches had already shown the com-
plete quantum transition between three quantum levels
via triangle crossing pattern [21, 22], which forces the
quantum evolution along with one adiabatic state of the
system. Their Hamiltonian is special case (three-level
state) of our designed HamiltonianH (see Eq. 2) and our
Hamiltonian H is the multi-state chains of N quantum
state, which has only coupling between its two neighbors
of each state, such that 1 ↔ 2 ↔ ... ↔ N − 1 ↔ N . In
this configuration, we can transfer our multi-level quan-
tum system to three-level state like with a dressed middle
state [23]. Therefore, we can produce complete transfer
population to our designed multiple quantum states sys-
temH (as shown in Eq. 2) with triangle crossing pattern,
while the frequency of the transmitter and receiver coil
change in time in opposite direction and frequencies of
3mediators are the constant, given by [20]
ωt = ωm + δ − α2t;
ωm = constant;
ωr = ωm + δ + α
2t.
(4)
Therefore, we can employ this frequency shift config-
uration to produce the complete power transfer from
transmitter to receiver in the adiabatic following setting
up. There are three transfer patterns within the trian-
gle crossing pattern, such as sequential transfer (δ > 0),
bow-tie transfer (δ = 0) and direct transfer (δ < 0). The
previous researches has already shown that direct trans-
fer pattern has better transfer efficiency η [20]. Thus, we
will use direct transfer of triangle crossing pattern with
δ < 0 in our paper.
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FIG. 3. The power evolution of transmitter (blue line) and
receiver (red line) coil with loss of transmitter and receiver coil
Γt = Γr = 0.001α, intrinsic loss of mediator coils Γm = 0.01α
and extracted work rate Γw = 0.05α, with (a) three coils
system, (b) four coils system and (c) five coils system. The
transfer efficiency η is given by orange line. The parameters
are given by δ = −7α, k0 = 3.5α and time is from −50α−1 to
50α−1.
III. LONG DISTANCE POWER TRANSFER
Subsequently, we can numerically calculate the power
evolution of multiple coils coupling system with running
coupled equation (Eq. 1) to demonstrate the power
transfer from transmitter to receiver and illustrate the
transfer efficiency η of our design. At the beginning, we
demonstrate the result of power evolution of transmitter
and receiver without any loss (Γt = Γr = Γm = Γw = 0),
in order to illustrate complete power transfer with our
design in the multiple coils system. We demonstrate
this feature with the parameters δ = −7α, k0 = 3.5α
and numbers of coils are three, four, five respectively, as
shown in Fig. 2. From the results, we easily obtain that
the complete power transfer from the transmitter coil to
receive coil via the mediator coils, no matter how many
mediator coils are. This feature determines the transfer
efficiency η of our design is larger than exact resonant
case, because the energy in receiver coils is transfer back
to transmitter coil (so-call Rabi oscillation) in the exact
resonant case.
From the Fig. 2, we have already demonstrated that
our design works functionally in principle. Afterwards,
we can numerically calculate the loss case with the pa-
rameters intrinsic loss (mainly the absorption) of trans-
mitter and receiver coil Γt = Γr = 0.001α, intrinsic loss
(mainly the radiation) of mediator coils Γm = 0.01α and
extracted work rate Γw = 0.05α, which is suitable for
real scenario. Therefore, we obtain the numerical results
of power evolution |at|2 and |ar|2 with the loss and plot
the transfer efficiency η along with the time from −50α−1
to 50α−1, as shown in Fig. 3 (a) three-coil (b) four-coil
(c) five-coil system. As we can see that the power evo-
lution of transmitter |at|2 drops directly along with the
time, due to the power transfer continuously flowing from
transmitter to receiver. The power on receiver coil starts
to increase, and then declines exponentially due to ex-
tract work from the receiver. In addition, when the num-
ber of coil is increasing, the transfer efficiency η (see or-
ange line) decreases, due to the largely loss on mediator
coils.
Furthermore, we plot the transfer efficiency η along
the number of coils with different loss of mediator coils
Γm and extract work rate Γw. The transfer efficiency
largely depends on number of coils, Γm and Γw, while
increasing the number of coils leads to decrease of trans-
fer efficiency η. When we have multiple mediator coils,
the power on the coils flows within the mediator coils.
However, the energy on the mediator coils has dissipa-
tion. Therefore, it is easily to obtain that improving the
quality of mediator coils (increasing the Γm with fixed
Γw = 0.05α) and increasing the extract work rate Γw
(with fixed Γm = 0.01α) enhances the transfer efficiency,
as shown in Fig. 4.
4(a)
(b)
FIG. 4. The transfer efficiency η along with number of coils
(a) with different loss of mediator coils Γm and fixed extracted
work rate Γw = 0.05α; (b) with extracted work rate Γw and
fixed loss of mediator coils Γm = 0.01α
IV. CONCLUSION
In this paper, we propose a novel wireless energy
transfer scheme to provide long distance, efficient, ro-
bust power transfer via multiple mediator coils, based on
multi-state triangle crossing pattern quantum coherent
control. Based on numerically calculations, we can illus-
trate that our design can provide much longer transfer
distance (for example transfer distance can increase up
to 2 times) with relatively smaller decrease in the trans-
fer efficiency η (transfer efficiency η drops from 87% to
53%).
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